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ABSTRACT
Super-resolution microscopy, also known as nanoscopy, is now established in the 
field of microscopy. The evolution of super-resolution microscopy techniques has 
allowed many scientists to peer past the most significant limitation in conventional 
fluorescence microscopy – the diffraction limit. Super-resolution microscopy systems are 
able to resolve two points that are less than 250 nm apart, which supersedes the resolution 
of diffraction limited systems. Colocalization studies are frequently used in the 
biomedical sciences to measure the close physical association and functional interaction 
of two biological structures. Previous colocalization conclusions made with conventional 
fluorescence microscopy are largely based on how the colors of two fluorophores such as 
a red fluorophore and a green fluorophore combine to create a yellow color. However, 
qualitative conclusions based on standard resolution instruments need to be critically 
reviewed now that super-resolution microscopy techniques supersede the diffraction limit 
and scientists can now evaluate structures and molecules that are laterally and axially less 
than 250 nm apart.  
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Beginning as early as the 16th century, humans followed their curiosities to 
innovate technologies which allowed them to peer into the surrounding microscopic 
world (Poppick, 2017). Hans and Zacharias Janssen invented the first microscope around 
1590. Their invention laid the foundation for future microscopic discoveries to take place. 
By 1667 lenses on microscopes had improved, and with them, image quality. During this 
time, Robert Hooke took advantage of this improvement to observe and draw hundreds of 
cells which he published in “Micrographia” (Hooke, 1667). Shortly thereafter, Antony 
van Leeuwenhook in 1676 made the hallmark discovery in microbiology when he 
became the first person to use a microscope to observe bacteria. The fact that 
microscopes have long been a tool in research, and remain an imperative tool, speaks to 
the constant development and concrete advancement these systems provide. The 
progression of biomedical research is largely dependent on our ability to visualize tissues, 
cells, and cellular interactions with microscopes. The technological innovation of 
microscope systems has enabled incredible advancements in human health and medicine; 
thus, allowing us to learn even more about ourselves and the world we live in. 
Fluorescence microscopy, specifically, is an integral part of biomedical research. 
The technique provides increased contrast as well as high labeling specificity (Sanderson, 
et al., 2014; Huang et al., 2009). For example, lipids, proteins, or ions can be tagged to 
make fluorescence microscopy particularly advantageous. The number of fluorochromes 
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used for labeling has also grown significantly since the mid-2000s; thus, making 
fluorescence microscopy an even more versatile tool with growing capability and 
convenience (Jerome, 2018, Chapter 2; Jerome, 2018, Chapter 7). More recently, 
fluorescence systems have been used as quantitative assays. Advanced imaging 
techniques, algorithms designed to improve image resolution, and quantitative statistical 
methods have expanded the capabilities of conventional fluorescence microscopy. 
However, the major limitation to these systems is the diffraction limit of light.  
For my thesis, I am conducting a literature review to investigate how super-
resolution techniques may have changed our analysis and interpretation of the 
colocalization of spatially related molecules and the resulting functional implications. In 
the past, many studies have implied functional interaction based on confocal images of 
red and green equals yellow. Now, super-resolution techniques have shown these 
molecules may not be as closely related as previously thought. Chapter one will cover the 
basics of resolution and factors that determine spatial resolution. Chapter two will cover 
diffraction limited fluorescence microscopy techniques including widefield microscopy 
and confocal microscopy. Chapter three discusses the limitations of colocalization 
analysis with conventional fluorescence microscopy. Subsequently, chapter four will 
introduce the prominent super-resolution microscopy techniques covered in this review. 
Then, chapter five will review what we currently know about super-resolution 
microscopy and how colocalization analyses are being applied. Finally, chapter six will 





Chapter 1.1 Light Diffraction and Resolution 
Diffraction, also referred to as the scattering of light, is an intrinsic property of 
light. In 1873, Ernst Abbe defined the concept of diffraction-limited resolution (Equation 
One) (Abbe, 1873; Rottenfusser, Wilson, & Davidson, Introduction to Fluorescence).  
Equation One:  
𝑟!,# =	𝜆 2(𝑛	 × sin(α)).           𝑟$ =	
2𝜆
(𝑛	 × sin(α))%.  
Where: rx,y = minimum lateral resolved distance 
  rz = minimum axial resolved distance 
  n = refractive index 
  α = half of the objective lens’ opening angle 
  l = wavelength of light 
 
When light is focused by the objective lens of a microscope, the light scatters and 
propagates. Ultimately, when the light from a single point propagates, this inhibits the 
resolution of a microscope (Figure 1.1).  
In order to focus light and achieve spatial resolution, several aspects are often 
introduced to the optical path of a microscope. These include a field diaphragm, 
condenser, and objective lenses. The field diaphragm acts as an aperture in the light path 
which can control the amount of light that is focused onto the condenser. Subsequently, 
the condenser receives the light coming from the field diaphragm and is further refined to 
introduce contrast into brightfield images. Finally, light reaches the objective lens. The 
objective lens is an important aspect in the light path of a microscope which takes into 
account numerical aperture, working distance, and the refractive index. The numerical 
aperture of an objective determines the microscope’s ability to resolve fine specimen 
detail by accounting for the working distance of the objective (Davidson, n.d., Numerical 

























Figure 1.1. The scattering and propagation of white light. A depiction of white light 
hitting a point (solid white arrow). The light that hits the point is reflected and scattered 
into a variety of different directions (blue, purple, and green arrows). Image courtesy of 




The working distance is the total range of space from the specimen to the front 
lens of the objective. Light enters the objective lens in an inverted cone. When the angle 
of the cone of light increases, the numerical aperture increases. Meanwhile, when the 
angle of the cone of light decreases, the numerical aperture decreases. Subsequently, as 
the numerical aperture increases, the working distance decreases and as the numerical 
aperture decreases, the working distance increases. Imaging through air provides 
limitations to the numerical aperture of the objective because the refractive index of air is 
one. Imaging through higher refractive index media such as immersion oil requires a 





Figure 1.2. Representation of increasing numerical aperture in air objective lenses. A) A 
representation of low numerical aperture 0.12 and large working distance. B) Depiction 
of a numerical aperture 0.34. C) The highest numerical aperture 0.87. The angle of light 
entering through the objective lens increases as the numerical aperture increases. As the 
numerical aperture increases the working distance decreases.  
 
 
Chapter 1.2 Point Spread Function and the Airy Disk Pattern 
 An infinitely small point source of light within a sample emits a three-
dimensional diffraction pattern of light called the point spread function (Figure 1.3) 
(Rottenfusser, Jiang, & Davidson, n.d.). Light is transmitted from the infinitely small 
point source to a high numerical aperture objective. The objective does not collect all of 
the light when the light is transmitted. This is due to either the convergence or 






Figure 1.3. Depiction of the point spread function in an x-y plane. The intensity of the 
point is depicted on the left-hand side of the image. A high numerical aperture (1.3) 
results in less light scatter and a more precise point spread function, while a lower 
numerical aperture (0.3) objective lens will result in greater spread of the point spread 
function. A more precise point spread function with higher numerical aperture is 
equivocal to a higher resolution image. A lower numerical aperture lens contributes to a 
point spread function with a larger radius and a lower resolution image. Figure courtesy 
of Carl Zeiss Microscopy Online Campus (Rottenfusser, Wilson & Davidson, n.d., 
ZEISS) 
 
small concentric circles in the focal plane. The radius of this disk is dependent on the 
numerical aperture of the objective lens. At higher numerical apertures, the radius of the 
disk is smaller and more focused. While at lower numerical apertures, the radius of the 
disk is larger and is more spread-out. Thus, a more precise point spread function can be 




Several variables can impact the point spread function (Figure 1.3) (Rottenfusser, 
Wilson, & Davidson, n.d., The Point Spread Function; Silfies, et al., n.d.). The type of 
microscopy equipment used can impact whether the shape of the point spread function 
looks like an hourglass or football. Another variable is sample type and depth. The degree 
of the diffraction of light throughout the sample will vary as light travels through varying 
densities of material. Multiple point sources of light are typical in thicker specimens. In 
thick specimens, light can diffract throughout the varying refractive indices within the 
sample. In turn, light will diffract more throughout the various points within the sample. 
Point spread function is a fundamental concept covering how the resolution of a 
microscope is dependent on numerical aperture and the objective lens.  
Airy disk patterns are created when light passes through an aperture and is 
subsequently focused with an objective lens (Davidson, n.d., Numerical Aperture and 
Image Resolution; Jerome, 2018, Chapter 7; Rottenfusser, Jiang, & Davidson, n.d.). This 
is an intense circular point of light surrounded by concentric circles of lower intensity 
light. The radius of the central circle is determined by the cumulative effect of the 
numerical aperture of the objective lens. Each point source of light on a specimen is 
represented by an Airy disk (Figure 1.4). 
Chapter 1.3 Fluorescent Microscopy Filters and Full Width at Half Maximum 
Fluorescence microscopy enables the observation of biological specificity and 
subcellular structural features through the use of probes and filters (Jerome & Price, 
2018). The most common type of probe in fluorescent microscopy is an antibody 
conjugated, or bonded to, a fluorescent label called a fluorochrome or fluorophore. 





Figure 1.4. Airy disks, resolution, and point spread function. A) The first Airy disk 
corresponds to a higher numerical aperture objective lens. B) The second Airy disk 
corresponds to an intermediate numerical aperture objective lens. C) A high numerical 
aperture objective lens would be used to capture a smaller more precise Airy disk. D) The 
maximum distance that two Airy disks can be resolved. E) Two Airy disks that cannot be 
resolved (Rottenfusser, Wilson, & Davidson, Image Formation, n.d.). 
 
 
Filters also serve to block any stray light from entering the detector of the 
microscope and are used to identify a single fluorophore when multiple fluorophores are 
incorporated into the sample. Three filter types are heavily utilized in fluorescence 
microscopy. These are short-pass, long-pass, and band-pass filters. Short-pass and long-
pass filters do exactly what their name says they will do. For instance, short-pass filters 
let shorter wavelengths of light pass through the filter, up to a specific cut-off point. At 
the cut-off point, the longer wavelengths of light will not be allowed to pass through the 
filter.  
On the other hand, long-pass filters will block these shorter wavelengths up to a 
certain cut-off. Only longer wavelengths of light that exceed the cut-off point will be able 
to pass through the filter. Band-pass filters, on the other hand, allow a certain range of 
wavelengths to pass through the filter, but will exclude any wavelengths outside of the 
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specific range. The specific range of light is determined by the maximal and minimal 
values of the peak intensity of the transmitted light at which half the maximum is 
achieved.  
The term FWHM is used to describe the point of half the maximum value out of 
which the maximum intensity is reached (Jerome & Price, 2018; Jerome, 2018, Chapter 
7). Most importantly, FWMH is often used to discuss when two distinct points can be 
distinguished in an image and when they cannot. When two points can be distinguished, 
they are resolved, but when two points are physically present, but converge to create an 
image that looks like a single point, those two points would be unresolved. When taking 
the FWHM into account, two objects can be resolved if they are at least as far apart as 
half the maximum intensity of the maximal intensity. 
Chapter 1.4 Rayleigh Criterion and Spatial Resolution  
 
Spatial resolution is defined as the ability to distinguish two points that are side-
by-side. Lord Rayleigh theoretically described and critiqued Abbe’s mathematical 
conclusion in 1896 (Rayleigh, 1896). Rayleigh defined the distance at which two Airy 
disks can be resolved and seen as separate points when light is detected by the eye. This 
can also be applied to today’s microscopes where resolution is set by the camera or 
detection device.  
Equation Two:  
𝑟 = 0.61𝜆 (sin 𝜃)(𝑛). =
0.61𝜆
𝑁𝐴.  
Where: r = minimum resolved distance 
 	λ = wavelength 
 	θ = half of the collecting angle of the lens 
  n = refractive index 




The Rayleigh Criterion utilizes the definitions of Airy disks and FWHM when 
describing resolution (Jerome, 2018, Chapter 7; Figure 1.5). Again, at FWHM, two points 
can be resolved when their intensity is half of that of the maximal intensity of the full 
brightness value emitted from the point.
 
Figure 1.5. The Rayleigh criterion defines how two points can be resolved based on the 
intensity of the fluorophore and given the distance the fluorophores are separated. Two 
points will be distinctly resolvable with a microscope when they are approximately 
500nm apart. Fluorophores are able to be resolved at about 250nm when the intensity of 
the points is half that of the maximal emitted light intensity. Fluorophores that are closer 
together than 250nm are unable to be resolved because the Airy disks overlap. This 




Two Airy disks that are closer together than their FWHM cannot be resolved and 
will appear as one point. The resolution of a microscope is dependent on the numerical 
aperture of the objective lens and the wavelength of light. In widefield microscopy, the 
numerical aperture of a lens is <1.5, and the numerical aperture value does affect the 
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resolution (Fernández-Suárez & Ting, 2008). As numerical aperture goes up, resolution 
also increases, but as numerical aperture decreases, the resolution also decreases. An 
ideal imaging system in proper alignment enables the resolution to be approximately 250 
nm laterally and 500 nm axially. With widefield microscopy, the nucleus of the cell can 
be resolved with a high magnification, high numerical aperture objective.  
Chapter 1.5 Comparison of Widefield and Single Photon Confocal Microscopy 
Widefield microscopy and single-photon confocal microscopy are both 
considered conventional fluorescence microscopy methods. A major difference between 
these two systems is how samples are illuminated and how emitted light is collected. 
Widefield microscopes illuminate the entire focal plane of the sample and collect all light 
coming from the illumination. Images detected by either the eye of the observer or the 
camera might appear blurred. It can be difficult to ascertain structural components or fine 
details in the sample, especially if a thick sample is imaged with the microscope. 
Widefield systems are often much less complex than confocal systems (Figure 1.6) 
(Comparing Confocal and Widefield Fluorescence Microscopy, n.d.).  
Marvin Minsky’s invention of the confocal microscope system in 1957 provided 
scientists the convenience of fluorescence microscopy with increased resolution when 
compared to widefield microscopy (Price & Jerome, 2018). Single-photon confocal 
microscopes eliminate out-of-focus light from the focal plane by utilizing a pinhole 
aperture (Figure 1.7). The focused light is then sent to different detectors in the 
microscope system. This in turn allows for optical sectioning techniques. In-focus images 
can be taken through the depth of the sample allowing for improvements in resolution in 
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the axial direction specifically when compared to a widefield microscope. Three-
dimensional (3D) reconstruction of the sample can also be achieved. 
 
 
Figure 1.6. Optical light path in an upright widefield microscope. The reflected light path 
or diascopic illumination begins at the tungsten halogen lamp which is the light source. 
The light travels from the light source through the collector lens, and filters. The light is 
then reflected off a dichroic mirror to illuminate a sample. Emitted light from the sample 
is then collected by the objective lens and is sent either through the eyepieces to the eyes 
or to the chip of a camera. The episcopic light path, or transmitted illumination, begins at 
the episcopic illuminator – in this case, the tungsten halogen lamp. The light is then sent 
through a collector lens, vertical illuminator, and to a dichroic mirror. The light is then 
reflected down to the objective lenses, transmitted through the objective to illuminate the 
sample, and the emitted light is collected by the objective lens. The reflected light travels 
to the beamsplitter and prism to be directed to either the eyepiece or the chip of the 




Figure 1.7. The optical light path in a confocal microscope. In the case of a confocal 
microscope, usually a laser or diode provide the excitation light source. The amount of 
laser light sent to the sample is controlled with a light source pinhole aperture. Closing 
down this aperture decreases the amount of light while opening up this aperture increases 
the amount of light sent to the sample. Dichromatic mirrors are used to filter out the light 
that reaches the sample. The light is sent through the objective lens. Emitted light from 
the sample enters again through the objective lens and is filtered out through the 
dichromatic mirror. The detector pinhole aperture is then used to reject the out-of-focus 
fluorescence emission light rays. The in-focus emission light rays will continue through 




Several types of confocal systems are now available including single-photon 
confocal laser scanning microscopes, multiphoton point-scanning confocal systems, and 
spinning disk confocal microscopes. Using confocal microscopy, the diameter of a 
centriole can be resolved at a resolution of 250 nm (Winey & O’Toole, 2014). Thus, 
confocal microscopy is often superior to widefield fluorescence microscopy, especially in 
the cases where thick samples will be used or when increased resolution in 3D is required 
(Figure 1.8).  
Chapter 1.6 Beating Diffraction Limited Resolution: Super Resolution Microscopy 
Super-resolution microscopy techniques beat the diffraction limit through 
multiple advances in optics and labeling (Price & Jerome, 2018; Huang et al., 2010). 
Resolution with super-resolution microscopy techniques is improved to between 20 nm – 
150 nm (Price & Jerome, 2018; Huang, et al., 2010). Figure 1.9 depicts a comparison of 
various biological imaging techniques and structures that can be resolved at different 
resolution ranges.  
Eric Betzig, Stefan Hell, and William Moerner won the Nobel Prize in Chemistry 
in 2014 for their incredible innovations of super-resolution microscopy methodologies. A 
variety of great review articles on super-resolution microscopy that have summarized 
recent advances in the field are listed here for the reader’s reference (Hell, 2003; Hell et 
al., 2015; Huang et al., 2009; Huang et al., 2010; Sahl et al., 2017; Schermelleh et al., 
2010; Sigal et al., 2018). Due to the sheer number of techniques that have emerged in the 
microscopy field, Jacquemet and colleagues (2020), recently published an article 






Figure 1.8. A comparison of fluorescent micrographs of 100 μm thick sections of mouse 
heart tissue stained with f-actin (green) and connexin-43 (red) utilizing a wide-field 
system (A) and a single-photon confocal scanning laser microscope (B). Both the image 
resolution and contrast suffer in the widefield image in panel A due to the out-of-focus 
light that contributes to image formation. In comparison, the confocal pinhole aperture 
cuts down the out-of-focus light allowing for a higher contrast and resolution image 







Figure 1.9. Resolution of various biological imaging techniques compared to 
approximate sizes of animals, organisms, and cellular features. From top to bottom, the 
biological imaging techniques on the right-hand side of the figure list techniques with 
higher resolution. These techniques include: PET, MRI, Wide Field Microscopy, 
Confocal Microscopy, GSD microscopy, SIM, STED microscopy, and PALM/STORM. 
Figure derived from Fernández-Suárez & Ting (2008) and Tsien (2003).  
 
 
Beginning in the mid-1990s, scientists began to discover various methods to break 
the diffraction limit of light; thus, improving upon the resolution previously seen with 
conventional fluorescence microscopy systems (Huang et al., 2009; Huang et al., 2010; 
Sahl et al., 2017; Sigal et al., 2018). Hell was the first to discover STED microscopy 
(Hell & Wichman, 1994). He went on to experimentally prove the optical concept could 
resolve two cellular structures approximately 100nm apart in the lateral and axial 
dimensions (Klar & Hell, 1999; Fernández-Suárez & Ting, 2008). STED and RESOLFT 
are often grouped together because generally both techniques achieve super-resolution 
through improving fluorescence by turning fluorophores “on” and “off” (Figure 1.10).  
STED utilizes a second light source to control the “on” and “off” state of fluorophores. 




Figure 1.10.  STED super-resolution microscopy light path, point spread function, and 
comparison of widefield to STED image. The light path shows the depletion laser passing 
through a phase plate, two dichromatic mirrors, passing through the objective, and 
illuminating the sample. The excitation laser also passes through a dichromatic mirror, 
the objective, and illuminates the sample. The emitted light passes back through the 
objective and dichromatic mirrors where the light is emitted to the detector. The 
excitation and STED pattern are overlaid to create the saturated depletion donut shaped 
pattern. The donut shaped depletion beam decreases the size of the effective point-spread 
function. The right-hand top and bottom fluorescent images represent microtubules 
stained with Alexa Fluor 594. The out-of-focus light that cumulatively creates the 
widefield image creates a less defined and hazy image. Meanwhile, the STED image is 
more precise due to the increased spatial resolution (Gustaffson, et al, n.d.).  
 
 
suppress excited fluorophores, essentially turning them off to prevent them from emitting 
fluorescent signal. In effect, the point spread fuction can be shaped because photons 
within the light path will then be quenched (MacDonald, Balini, & Storrie, 2015). 
However, the molecules not within the light path, will not be quenched and will 
fluoresce. RESOLFT is a similar methodology that utilizes a lower intensity depletion 
light to initiate the “on” and “off” states of the fluorophores (Hofmann et al., 2005). 
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SIM, although a diffraction limited technique, still surpasses the diffraction 
limited resolution of conventional microscopy techniques (Schermelleh et al., 2010; 
Huang et al., 2010; Sahl et al., 2017; Yamanaka et al., 2014). With SIM, a widefield 
configuration is employed in combination with two interfering light beams. The two 
interfering light beams are combined to create high frequency sinusoidal patterns which 
create moiré fringes in the resulting image. SSIM is closely related to SIM with some 
variation (Figure 1.11). A figure detailing a simpler schematic of moiré fringes and how 
this creates an image subsequently follows (Figure 1.12). Two different images are 
captured and then computationally processed to form the final image. The sections where 
the moiré patterns are formed create areas where fine structures are revealed. The 
periodicity of the sinusoidal pattern is known and thus locations of specific molecules can 
be measured. SIM can resolve two points that are approximately 100 nm – 130 nm apart 
in the lateral dimension and 250 nm – 350 nm in the axial dimension. SSIM is a 
derivative of SIM. SSIM however utilizes the saturable properties of fluorophores in 
order to achieve resolution that is better than that of SIM. SSIM has reached a resolution 
of approximately 50 nm in both the lateral and axial directions. A depiction of images 
obtained with SSIM are included (Figure 1.13). Huang et al. (2010) classified STED, 
RESOLFT, SIM, and SSIM under the category of super-resolution by spatially patterned 
excitation due to the common characteristics between the methods.  
SMLM is used as a broad classification for a variety of super-resolution 




Figure 1.11.  A diagrammatic representation of the differences in SIM and SSIM. A) 
Optically the light path for SIM and SSIM interferes at the focal plane, but the 
fluorescence saturation intensity is much greater for a longer frequency in SSIM than 
SIM. B) The moiré fringes created with SSIM are finer than that of SIM as depicted 
(Gustafsson, Allen, & Davidson, n.d.). 
 
dSTORM, GSDIM, and PAINT. PALM and STORM capitalize on the blinking of 
fluorophores between an “on” and “off” state. Images can then be reconstructed using 
specific computer software and algorithms to locate the center of the point spread 
function and reduce out of focus light. Figure 1.14 depicts PALM imaging methodology 





Figure 1.12. Example of how moiré fringes are used to create an image. A) This panel of 
the image contains the most data. B) The panel representing the moiré fringe. C) The 
moiré fringe overlaid with the panel containing the data creates a higher resolution image 






Figure 1.13. A depiction of a comparison of widefield microscopy to SSIM utilizing a 
Chinese hamster ovary cell line fused to Lifeact and expressing Dronpa. A) The left side 
of the image shows widefield fluorescence while the righthand shows SSIM. Distinct 
microtubules can be delineated in the SSIM image and the reported resolution is 50 nm. 
B) SSIM image with a white box drawn to depict the portion of the image which is 
zoomed in at the subsequent panel. C) A depiction of the zoomed in portion of panel b. 





Figure 1.14. Depiction of how PALM works. A) The activation beam activates specific 
fluorophores. B) The readout beam then acquires images the precise location of the 
activated molecules. C) The point-spread function of the photoactivated molecules is 
precisely localized. D) The fluorophores which were stochastically activated and 
localized are photobleached and the position is recorded. A-D) The process is repeated, 
and thousands of frames of images are captured to form a final, highly precise image 





Figure 1.15. Comparison of widefield microscopy to PALM utilizing human cytokeratin 
fused with fluorescent protein monomeric Eos version 2 (mEos2). The panel to the left is 
a widefield image. The box in the image is subsequently zoomed in at the middle image. 
The image resolution drastically deteriorates. The image in the far-right panel shows the 
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boxed area of the widefield image captured with PALM. The comparison between the 
middle image captured with widefield and the PALM image shows how the resolution  
increases with PALM. The resolution in the final image is approximately 30 nm to 50 
nm. Adapted from (Gustafsson, et al., n.d.). 
 
 
Meanwhile, Figure 1.16 depicts how STORM images are acquired and Figure 1.17 shows 
an example of a STORM image. PAINT exploits kinetic techniques where probes bind to 
the structure of interest and turn on, and when those probes unbind, they turn off. 
Technically these techniques are not limited by resolution. In this review, we will delve 
into more detail on PALM, STORM, and PAINT. 
Two additional techniques are worth mentioning, however, these techniques will 
not be discussed within the scope of this literature review. First, MINFLUX has become 
yet another groundbreaking technique in super-resolution microscopy (Sahl et al., 2017; 
Balzarotti, et al., 2016). MINFLUX utilizes coordinate stochastic methods as well as 
coordinate targeted methods similar to those used in STED and RESOLFT to overcome 
the photon budget limitation. This technique has achieved resolution down to 1 nm. 
Additionally, ExM makes use of swellable and expandable polymers to stretch a piece of 
fixed tissue or cells of interest (Chen et al., 2015; Jacquemet, et al., 2020). In ExM, the 
tissue is cross-linked to a polymer gel. The molecules are then separated with expansion 
of the polymer through the addition of water. By separating closely spaced molecules, 
fluorophores can be resolved with standard widefield fluorescence microscopes. While 
the final image resolution of the conventional microscopy system remains equal to 
approximately 250 nm, the ability to define subcellular structures within a sample is 
dependent on the number of times the tissue is expanded and the total fold change that 
expansion microscopy increases the size of the specimen. 
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A 4.5-fold change in comparison to a 10-fold change can improve the resolution 
from approximately 70 nm to about 25 nm, respectively. The tissue can then be imaged 
using conventional fluorescence microscopy but does best with a microscope with 
 
Figure 1.16. How STORM works. A) Representation of densely labeled filamentous 
intracellular structure. B) There is sparse activation of fluorescent probes which randomly 
turn “on” and “off.” The probes do not overlap, are captured with a camera, and their 
point-spread function is located back to a precise location. This set of fluorophores 
bleach. C-E) Repeat the steps capturing images of single molecules like in B, but 
different fluorophores are activated and subsequently bleached. F) Resultant STORM 
image (Allen et al., n.d.).  
 
 
sensitive detectors as the fluorophores become widely separated and may decrease in 
intensity during the expansion procedure. Both MINFLUX and ExM are relatively new 






Figure 1.17. A comparison of widefield and STORM image acquisition with alpha 
tubulin labeled microtubules with an activator-reporter pair Cy3-Alexa Fluor 647. A) A 
widefield image of the microtubules. The white dotted box denotes the area of the image 
that is subsequently zoomed in at the panel below. B) Zoomed in portion of the 
microtubules from panel A. C) Microtubules imaged with STORM. D) Provides clear 
resolution improvement when compared to the image in Figure 13B (Allen, Silfies, & 






Chapter 1.7 Colocalization Analyses in Conventional Fluorescence Microscopy and 
Super-Resolution Microscopy 
The development of super-resolution microscopy might have some retroactive 
impact on biomedical science conclusions conducted with conventional microscopy 
techniques. Importantly, colocalization, the functional interaction of two closely related 
biomolecular structures of a cell or tissue, has been limited up until recent years by the 
diffraction limit (Dunn et al., 2011). The spatial and interactive association between two 
targets is often identified by fluorescently labeling features of interest such as molecules 
or sub-cellular structures. With the capability to overlay two digitally acquired images, 
specific molecules of interest can be studied (Aaron & Chew, 2018). Most commonly, 
two images are taken of fluorophores with excitation and emission spectra that do not 
overlap to reduce cross-talk between fluorophores (Rowley et al., 2018). Those images 
are then overlaid, or combined, to create a resulting multichannel image. Colocalization 
of molecules or structures is often determined by combining two color images. For 
example, one image is taken in the red channel and one image is taken in the green 
channel. Then, colocalization is determined based on the resulting yellow pattern in the 
image. However, to a trained microscopist who understands resolution, numerical 
aperture, point-spread-function, the Airy disk, etc. the limitations of simply identifying 
colocalization due to color are recognized and appreciated. Previously, conclusions about 
colocalization were reached using diffraction limited microscopy techniques with 
resolution limited to 250 nm or more. Until recently, the simple association of red and 
green fluorochromes combining to display yellow in the superimposed image has 
sufficed as a conclusion that two subcellular structures are colocalized (North, 2016). 
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However, with super resolution imaging techniques, colocalization conclusions may need 
further evaluation.   
The methodology of visually assessing colocalization using conventional 
microscopy systems whose resolution is largely limited is fallible. The issue of 
colocalization in cellular mechanisms are often too complex to merely conclude that 
when two different colors make a combined color, there must also be some functional 
implication. Coming to this conclusion qualitatively does not give much insight into the 
functional relationships of two molecules. These conclusions are also often subjective 
and give way to experimenter bias. Additionally, considering the studies in the 1990s 
often made these conclusions using diffraction limited techniques that obscured the 
available resolution limit may have led to some incorrect conclusions.  
Numerous reviews have attempted to pin down a methodology to quantitate 
colocalization conducted with diffraction limited microscopy systems to reach past 
simpler conclusions made previously with a qualitative analysis (Aaron & Chew, 2018; 
Dunn et al., 2011; Zinchuk et al., 2007). Various statistical techniques have also 
overcome simple identification of colocalization on a subjective basis so that researchers 
can move past making assumptions based off associations that merely just meet the eye 
(Dunn et al., 2011; Jerome & Price, 2018). Some quantitative analysis methodologies 
have been included in this review. These methodologies include Scatter Plot Analysis, 
PCC, SRCC, and MOC (Dunn et al., 2011; Aaron & Chew, 2018). Each methodology 
relies on statistical and probability measurements. Therefore, there are limitations to each 
method. Recently, some researchers have called for a stricter analysis on colocalization 
(Moser et al., 2016; Sahl et al., 2017; Wu et al., 2012). However, there has been a lack of 
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consensus on the best methodology to do so. Conducting image similarity analysis by 
quantification has recently been included in studies to make qualitative colocalization 
conclusions more robust (Dunn et al., 2011). Limitations exist with these techniques. For 
instance, a major limitation applicable to these methods hinges on the parameters the user 
inputs to collect the image. Another major downfall is that the user needs to choose the 
correct version of a statistical test to analyze correlation and co-occurrence. More detail 
on correlation and co-occurrence will be discussed later in the review. These calls to 
action have been followed with a need for more critical attention to whether functional 
relationships can truly be derived with diffraction limited systems and how relationships 
between sub-cellular features are being assessed (Bermudez-Hernandez, 2017; Dunn, et 
al., 2011; Aaron & Chew, 2018; Zinchuk et al., 2013). 
Two points less than 250 nm apart laterally are now able to be resolved with 
super-resolution techniques (Price & Jerome, 2018; Sahl et al., 2017). Thus, conclusions 
made previously about colocalization using widefield fluorescence microscopy and 
confocal microscopy could now be outdated as we can now peer past the diffraction limit 











DIFFRACTION LIMITED FLUORESCENCE MICROSCOPY 
TECHNIQUES 
Fluorescence microscopy serves as a highly useful and flexible tool in biomedical 
science. The convenient and often user-friendly systems may give the illusion that the 
systems are uncomplicated. However, fundamental concepts of fluorescence are 
important to understand prior to gaining a greater appreciation for what meets the eye. 
Additionally, conventional fluorescence microscopy systems, including widefield and 
confocal, made it possible for super-resolution microscopy to make a prominent debut in 
the field. Often super-resolution microscopes exploit advancements from conventional 
microscopy to further refine resolution limits achievable with super-resolution (Sahl et 
al., 2017). Advancements in microscopy allowed scientists to make discoveries they did 
not think possible prior to the technology adapting to the greater need to overcome the 
diffraction limit. 
This chapter will serve as a general overview into significant aspects of 
fluorescence. Then, diffraction limited fluorescence microscopy techniques will be 
further explored like widefield fluorescence microscopy and confocal microscopy. 
Additionally, some techniques in fluorescence microscopy that have been used to 
improve upon the resolution prior to super-resolution will be explored. An incredible 
amount of information can be attained about organisms, tissues, cells, and subcellular 
features with microscopes. Some background insight into microscopy can allow users to 
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distinguish between differences in super-resolution microscopy systems and how these 
systems might be advantageous to their research applications. One thing is for certain: 
Resolution is king 
Chapter 2.1 Fluorescence Microscopy 101  
 Fluorescently labeled samples have been used to make important discoveries in 
biological science (Jerome, 2018, Chapter 2; Sanderson et al., 2014). The physics of light 
largely determines the general nature of widefield and confocal microscopy. The 
properties of fluorescence are integral for scientists to understand microscope systems 
and how they advance research. The resolution of a system is impacted by fluorescence 
microscopy as well. Typically, the visible light spectrum is observed with fluorescence 
microscopy. The visible light spectrum is a section of the electromagnetic spectrum 
ranging from 380 nm to 750 nm (Figure 2.1). Humans are able to observe light within 
these ranges. Naturally, one might associate the colors of this spectrum to the colors of 
the rainbow. The colors of the visible light spectrum include blue, green, yellow, orange, 
and red. Each color has a corresponding wavelength. On the two extremes of the 
spectrum, blue has the shortest wavelength and red has the longest wavelength. Different 
colors of light have various wavelengths containing different levels of energy. There is an 
indirect relationship between the length of the wavelength of light and the corresponding 
energy level (Sanderson et al., 2014). For example, the color blue has a shorter 
wavelength of light, but has the highest energy level. Meanwhile, red has a longer 
wavelength and a lower energy level. 
How humans see light emitted from fluorescence microscopy involves exciting 




Figure 2.1. The visible light spectrum within the electromagnetic light spectrum. The 
visible light spectrum is measured between 350 nm to 750 nm. Colors of the visible light 
spectrum include blue, green, yellow, orange, and red (Nagaraja, 2020).  
 
 
Rottenfusser, Wilson, and Davidson, n.d., Introduction to Fluorescence Microscopy; 
Sanderson et al., 2014). The light source that excites electrons varies from microscope to 
microscope. Light sources can range from halogen lamps, mercury lamps, LEDs, and 
various lasers that specifically excite a label to initiate fluorescence. Photons are the 
particles that represent electromagnetic energy emitted from various light sources. So, 
how do we see fluorescence? Photons from a light source interact with the fluorescently 
labeled molecule on a sample. The energy of these photons is absorbed by electrons 
within that fluorophore at a specific wavelength. Absorbing energy from the photon 
brings the electrons to a higher energy excited state. No light is emitted in this high 
energy state. Light is emitted from a fluorescent label when the electrons drop down in 
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energy level, back to the lowest energy level. The time between excitation and emission 
is known as the fluorescence lifetime. Stokes shift defines the phenomena where the 
wavelength of excitation light is shorter than the wavelength of the emitted light. This 
property is essential to fluorescence microscopy as the excitation light can be 
differentiated or filtered from the emitted light. The emission light is typically sorted 
using optical filters or acousto-optical filters. Thus, a resulting image that is bright with 
high contrast can be collected from the emitted light and without overlap of excitation 






















Figure 2.2. Excitation and emission spectra example plotted by relative intensity versus 
wavelength (nm). The first peak, labeled absorption (excitation), describes where the 
electron absorbs energy from photons. The fluorescence emission peak describes where 
the fluorescence is emitted. The chart also depicts stokes shift and spectral overlap 





Fluorochromes, also known as fluorophores, have specific excitation and 
emission spectra (Jerome, 2018, Chapter 2). Knowing this specific excitation and 
emission spectra of fluorochromes within a given labeled sample is important when 
properly setting up a microscope for fluorescence microscopy. A specific numerical 
range of wavelengths denote the excitation and emission spectra for fluorochromes. The 
excitation state is denoted by a specific numerical value. Meanwhile, the emission spectra 
are denoted by a numerical range representing the wavelengths at which emission could 
take place. Understanding the excitation and emission spectra is additionally important as 
a fluorochromes’ excitation and emission spectra can overlap. The excitation of a 
fluorochrome will only occur if the incident light provides enough energy for the 
electrons to transition to the excited state. Wavelengths outside of the range for that 
specific fluorophore will not cause excitation or emission. Essentially the fluorophore is 
blind to all other wavelengths other than its desired match. For its desired match, the 
fluorophore will become excited. The fluorochrome is likely to be the most excited when 
the most energy is absorbed, bringing that fluorochrome to the excited state.  
Multiple fluorochromes are typically used to identify and compare two different 
molecules in one sample (Sanderson et al., 2014). Often images are collected one after 
the other to permit the use of different filters for each separate fluorophore. Adding more 
labels can create challenges like bleed through from one channel to the other. Some light 
from the microscope might go on to excite a fluorophore in the channel that was not 
meant to be excited. This can create unnecessary background signal or noise.  
Resolution in widefield fluorescence microscopy and confocal microscopy are 
limited by the diffraction limit (Jerome, 2018, Chapter 2). The fluorescence emitted by 
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fluorochromes in a sample will appear larger than meets the eye in these diffraction 
limited systems. To refresh information that was in the intro, the Rayleigh Criterion 
explains that when two points of the same wavelength are side by side and are less than 
the FWHM then they will not be able to be resolved. Those points are not spatially 
resolved and will appear as one point of light. Thus, two labeled molecules need to be 
spread far enough apart which is approximately 250 nm in the lateral direction and 
approximately 500 nm in the axial direction when using conventional fluorescence 
microscopy techniques.   
Chapter 2.2 Widefield Fluorescence Microscopy 
 
 Widefield fluorescence microscopy has enabled scientists to zoom-in on tissues 
and cells. There are a variety of potential light sources in widefield microscope including 
mercury arc lamps, xenon arc lamps, LEDs, or metal halide lamps. The light source is 
focused to view the specimen (Jerome, 2018, Chapter 2; Sanderson et al., 2014). Image 
acquisition in widefield microscopes is usually fast, and there is sometimes a low amount 
of illumination coming from the light source which decreases the amount of 
photobleaching or phototoxicity. The desired wavelength of light is then selected by 
choosing a custom optical filter. Resulting fluorescence is detected with the eye or 
digitally captured with a camera.  
While there are some advantages to widefield microscopy, there are also some 
disadvantages (Sanderson et al., 2014). When the entire specimen is illuminated with 
light there is a projection of out-of-focus light onto the focal plane because light is 
scattered from structures that are both above and below the image plane. The scattered 
light can be seen visually with the eye or is detected with a camera. Numerical aperture 
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of the objective lens can correct for some of the scattering of light (Figure 1.2). 
Furthermore, the diffraction of light causes the fluorescence generated from the 
fluorochromes to be generated in a cone like pattern that generally makes the point seem 
bigger than what it really is when detected. As discussed in the intro, Airy disks often 
overlap which can inhibit one from being able to observe two separate points. Those 
points might instead appear as one. Resolution is a key limitation to widefield microscope 
systems due to the diffraction limit of light. Generally, thin specimens or organelles are 
best to observe using a widefield microscopy system. Thick specimens are more difficult 
to image with widefield microscopy due to scattering of light from structures above and 
below the focal plane. These often contribute to blur in the image. Another challenge 
widefield microscopy faces is often the illumination from the light source is not uniform. 
This can create areas in the image where there is shading and uneven illumination which 
might be difficult to correct for and differences in brightness may affect interpretation of 
labeling data.   
Chapter 2.3 Confocal Microscopy 
 
 While confocal microscopy systems utilize the same principles of fluorescence as 
widefield microscope systems, the optics do vary (Sanderson et at., 2014). Confocal 
microscopes reject out-of-focus light by utilizing an aperture that is incorporated into the 
light path prior to reaching the detector. Light therefore is detected from a focused point 
in the specimen, and light from above and below the image plane is rejected (Price & 
Jerome, 2018, Chapter 7). The use of the aperture allows for thicker specimens to be 
visualized, optical sectioning, and the recreation of three-dimensional (3D) images. 
Another function of the pinhole is to allow imaging into the depth of a specimen which is 
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known as a Z-series (Fuseler, J., et al., 2018). A z-series is a set of in-focus images that 
are collected depth wise into the sample. Confocal microscopes also vary from widefield 
microscopes in the sense the excitation source is a laser, and that a photomultiplier tube 
(PMT) or GaAsP detectors detect light intensity. Also, the system can sequentially scan a 
sample while utilizing the pinhole. Over the past 10 years, significant advancements to 
confocal microscopes and the accompanying hardware has increased the capabilities of 
confocal microscopes (Price & Jerome, 2018). The advancements have made the 
confocal microscope a more effective tool for research. However, the system still has 
limitations that prevent the system from being entirely efficacious. In both spinning disk 
and laser scanning confocal microscopy systems, noisy images and low throughput of 
higher quality information that decreases signal both act to limit resolution (Schermelleh 
et al., 2019). There are also several varieties of confocal microscopes that will be touched 
upon.  
Chapter 2.3.2 Laser Scanning Confocal Microscopy 
 
Laser scanning confocal microscopy is typically distinguished into single-photon 
point-scanning confocal microscopes and multiphoton point-scanning confocal systems 
(Fuseler et al., 2018). Three to four lasers represent the light source in these systems. This 
light passes through either multiple dichroic mirrors or acousto-optical tunable filters. 
This filter system ensures that the correct wavelength reaches the specimen, but also 
works to filter out the light emitted from the fluorescence in the sample. The laser light is 
released from the scan head through the objective lens and then scanned across the 
specimen. In turn, as light from the laser interacts with the specimen, light is then emitted 
from the fluorophores. Photons of various wavelengths collected from the specimen are 
 
36 
detected in either a photomultiplier tube, a variety of photomultiplier tubes, or GaAsP 
high-sensitivity detectors. Photomultiplier tubes are the most common detector found in 
confocal microscopes prior to approximately 2017. However, recently most systems now 
contain GaAsP detectors or a combination of photomultipliers tubes and GaAsP detectors 
to utilize the advantages of each type of detector. The detector determines the amount of 
signal from a spot in the sample which is converted to a number in an eight-bit image. 
The color is then assigned based on the number detected. One particular disadvantage in 
utilizing single-photon point-scanning confocal microscopes is that anything in the laser-
beam path can be subjected to photobleaching and phototoxicity, especially if scan times 
are long or a Z-stack is being acquired.  
Multi-photon point-scanning confocal systems exploit a fluorochromes’ abilities 
to become excited by multiple photons. Excitation by multiple fluorochromes expands on 
the basics of fluorescence discussed earlier in this chapter. Two photons of lower energy 
that arrive to the fluorochrome within a femtosecond excite the same fluorochrome that 
would be excited by one photon of a higher energy level. Because confocal microscopy 
utilizes a highly focused beam, multi-photon imaging can excel using this technology due 
to the delivery of the photons. The light source in multi-photon point-scanning confocal 
systems is a pulsed-laser. The pulses deliver low energy intensities, which in result, 
prevent overheating that may damage to the sample. This methodology can forgo the use 
of the pinhole setting, although not recommended. However, the main advantages of 
utilizing this methodology is that there is a decrease in phototoxicity and photobleaching. 
In comparison to single-photon point-scanning confocal microscopy, multi-photon point-
scanning confocal systems can increase the depth of the tissue that can be imaged by up 
 
37 
to two- to three-fold. This is because longer wavelengths in the far-red channels need to 
be used. These wavelengths go deeper into a specimen.  
Chapter 2.3.3. Deconvolution 
 
Confocal microscopes provide advantages over traditional widefield setups; 
however, their limitations still provide difficulties in overcoming the diffraction limit. 
Deconvolution is a computational method that can be applied to both widefield and 
confocal microscopy to increase the resolution of acquired images (McNally et al., 1999; 
Schermelleh et al., 2010; Schermelleh et al., 2019). In principle deconvolution can be 
applied to any micrograph. Deconvolution algorithms characterize the point spread 
function in the image and mathematically recalculate the origin of the photons from the 
point source of light. This methodology also reduces the risk of artefacts impacting the 
final image. Image resolution can be improved by up to 1.7-fold in the lateral direction 
and by about 5-fold in the axial direction (Schermelleh et al., 2019). Generally, the 
combination of widefield microscopy with deconvolution yields the best results when 
observing thin specimens or live organisms (Albrecht & Oliver, 2018). Often with 
confocal microscopy systems, deconvolution acts as a complementary technology after 
image acquisition that allows for better image resolution without change in sample 
preparation. In cases where a larger pinhole setting is used, out-of-focus light can be 
introduced to the sample. Deconvolution can help mathematically recharacterize the 
origin of the point spread function and can correct for the extra out-of-focus light 
introduced to the image. This technology also gives microscopists a taste of what super-




Chapter 2.3.4 FRET  
FRET measures biophysical or biochemical interactions of molecules imaged 
traditionally with widefield, confocal, and multiphoton systems (Sekar & Periasamy, 
2003 Wallrabe & Perisamy, 2005). The basics of this imaging modality rely on the 
energy transfer from an excited fluorophore to a neighboring chromophore 
(Pietraszewska-Bogiel & Gadella, 2010). The fluorophore donates energy to the 
chromophore in dipole-dipole coupling. The total amount of energy transferred is 
measured in a fraction by the number of photons absorbed by donors over the amount of 
energy subsequently transferred to acceptors. The fluorophores used for FRET must be 
able to be spectrally separated so that the two different labels can be detected and 
captured. This technique has the ability to measure molecular interactions that take place 
between 10 – 100 angstroms. Thus, interactions of fluorescent labeled molecules in fixed 
and living cells can be visualized. FRET can verify colocalization and verifies molecular 
associations at close distances. For example, the interaction of EGF receptor and Grb2 
was confirmed via FRET microscopy (Sorkin et al., 2000) whereas cyan fluorescent 
protein and yellow fluorescent protein were less than 50 angstroms apart. This distance 
confirms direct interaction of EGF and Grb2 proteins. A downside to FRET is that 
processing software is required to remove bleedthrough from one channel to the next 








LIMITATIONS OF COLOCALIZATION WITH CONVENTIONAL 
FLUORESCENCE MICROSCOPY 
Conventional fluorescence microscopes enable the visualization of tissues, cells, 
and cellular components. The specific location of cellular structures has allowed 
scientists to make inferences about the biological function associated with specific 
molecules. Colocalization represents the spatial association of subcellular biological 
molecules and can help determine how those molecules are located throughout a sample 
(Dunn et al., 2011; Aaron & Chew, 2018; Zinchuk et al., 2013). Examples of 
colocalization include the association of a molecule with a subcellular structure, a 
molecule with an organelle, a molecule with another molecule, or a molecule with a 
compartment within the cell. Colocalization studies have created possibilities for 
researchers to draw conclusions about macromolecular localization and infer the function 
of two spatially related molecules.  
At the outset of this project, I surveyed scientists who were part of the “confocal 
listserv” community. This is a forum conducted through email that discusses various 
microscopy topics. I asked what their take was on how super-resolution microscopy 
might change biomedical science colocalization conclusions made with diffraction-




Guerin (personal communication January 4, 2020) commented, “Take the 
analogy of two people in a large room at a party. Colocalisation can tell you they 
are in the same room but are they standing next to each other or on opposite 
sides? Even if they are next to each other are they interacting? No way to tell 
really. To prove interaction you need another measure, biochemical or some kind 
of non-microscopic test. However, a microscopic image is the only way to see 
where within a cell or tissue the possible areas of interaction are, and that is its 
value. Since super resolution techniques can increase the resolution of a digital 
micrograph, they can narrow down the precise area of the colocalisation, but there 
are also the issues of the super-res techniques themselves to consider. You can’t 
see super resolution images with your eyes in a microscope, they all depend on 
mathematical processing of the digital data to determine the most probable sub-
resolution area within the optical signal where the labeled molecule is located. So, 
then you have to ask how good is the math that you use to apply the Pearson’s 
analysis too. The basic rule here should be don’t over analyse your results.” 
 
The resolution of the microscope system used to capture images for the purpose 
of analyzing colocalization will determine the quality of the output of data (Aaron, et al., 
2018; Aaron & Chew 2018). This is one of the most important aspects to consider 
regarding colocalization. As such, it is easy to consider that diffraction limited 
fluorescence microscopy techniques, like widefield and confocal microscopy, are less 
effective at studying the distribution of molecules or molecular interactions when 
compared to super-resolution microscopy techniques. The spatial resolution of 
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conventional fluorescence microscopy techniques limits their capability to assess 
colocalization. As pointed out in the introduction, many review articles have attempted to 
pinpoint the ability of colocalization and how to interpret the technique with diffraction 
limited techniques (Bolte & Cordelières, 2006; Comeau et al., 2006; Dunn, et al., 2011; 
Zinchuk et al., 2007). However, inferring functional interaction of molecules based on 
visual interpretation is not recommended and should not be conducted. For instance, 
colocalization should not be simply interpreted on the basis that red plus green is yellow. 
Aside from the visual inspection of an image, qualitative image analysis can also be 
conducted via scatterplot analysis (Figure 3.1). Researchers have attempted to overcome 
the limitations presented with qualitative analysis by applying statistical techniques to 
more objectively measure the relationship between the two different labels in the image. 
These quantitative methodologies include PCC, SRCC, and MOC (Dunn et al., 2011; 
Aaron & Chew, 2018; Zinchuk et al., 2013).  
This chapter will cover various caveats about colocalization that complicate the 
seemingly simple approach. I will cover the difference between co-occurrence and 
correlation as well as the aspects that can specifically impact colocalization outcomes. 
Furthermore, I will describe qualitative and quantitative approaches to colocalization and 
delve into specific limitations these techniques entail in diffraction limited methods.  
Chapter 3.1 Co-occurrence versus correlation 
There are two aspects to consider when examining colocalization and its 
relationship to a specific research question: co-occurrence and correlation (Aaron, et al, 




Figure 3.1. Scatterplot analysis example with Madin Darby Canine Kidney cells labeled 
with Texas Red and Alexa 488. B) A scatterplot of red and green pixel intensity C) A 
scatterplot of individual pixel intensities. D-F) PCC is also included to give more detail 
on correlation coefficient (Dunn et al., 2011).  
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probes overlap. Correlation is a descriptor for the presence of two overlapping probes, 
how the two probes distribute throughout the sample or between different structures, and 
if those probes are proportionally distributed between one another. Describing 
colocalization using these descriptors is important when selecting an analysis method and 
to properly identify the quantification method used to study a sample. 
Chapter 3.2 What affects colocalization outcomes?  
 
 Where there is yellow, there certainly must be colocalization is a false statement 
because ultimately, this is not the case (Figure 3.2). Image similarity analysis is more 
complex and quantitative and statistical analyses have long been called for in the 
literature (Aaron & Chew, 2018). Additionally, measuring molecular interactions requires 
the use of FRET and cannot be dictated by merely observing a yellow color. There are 
many caveats to consider prior to analyzing colocalization.  
One of the most important aspects to consider when examining colocalization is 
the resolution of the microscope (Aaron et at al., 2018; Aaron & Chew, 2018; Dunn, et 
al., 2011). The resolution attainable using widefield fluorescence and confocal 
microscopes limits what researchers can determine is actually colocalized. This is due to 
the fact that the resolution of a microscope impacts the accuracy at which image analysis 
can be conducted. The resolution component is sometimes overlooked and can contribute 
to erroneous conclusions. For instance, in most microscopes that use photons as the 
imaging source the size of small structures is essentially determined by the diffraction of 
light which limits resolution to approximately 250 nm. Using a conventional microscopy 
system, it would be difficult to discern the size of smaller subcellular features like 





Figure 3.2. Lateral (XY) and axial (ZY) depictions of the superposition of a single 
molecule in a red and green channel to create overlap that is yellow. The plus sign in the 
green channel and “x” in the red channel denote specific locations of an image taken of a 
single molecule. In the superposition of images in both the lateral and axial dimensions 
there is yellow indicating colocalization, but the two molecules are separated by 150 nm. 
This distance is too great for molecular interactions to take place.  
 
 
 Microscope user decisions remain an important component when conducting 
image similarity studies (Aaron & Chew, 2018). Primary user decisions that are of 
essential importance include setting the correct image acquisition parameters, correctly 
processing the image, ensuring object segmentation is done properly, using the 
quantitative statistical analysis that most accurately fits the research question, ensuring 
the resulting statistical coefficient is accurate, and mitigating global bias effect. For 
example, humans respond to changes in global details before responding to changes in 
 
45 
local details (Navon, 1977; Gerlach & Poirel, 2018). Furthermore, it is difficult for 
humans to predict information at both a global and a local level. When the level of 
information varies at a global or local level, responses to the local level are often slowed 
down.  
Other significant aspects that affect the outcome of colocalization studies are 
made during image collection and image processing steps (Aaron et al., 2018; Aaron & 
Chew, 2018; Dunn et al., 2011). During image collection there are several important 
considerations to make. First, the intensity of the probes in the image must be reliable 
(Dunn, et al., 2011). The fluorescent signal must be reliable in that it is not merely an 
artifact or background that is intensified using image post-processing. The probes used to 
label a sample should also be equal in intensity. Variation in intensity between the probes 
can alter the combined color and the perceived amount of colocalization. For the 
specimen being studied, the resulting apparent structure of interest for which 
colocalization is important might be perceived differently if the probe color concentration 
differs between labels. If one probe is more intense than another, this can ultimately skew 
the superimposed image and colocalization analysis.  
Aaron & Chew (2018) created a comprehensive list of potential image corrections 
that that need to be considered if not executed prior to image analysis. Potential 
corrections include subtracting image offset, correcting uneven illumination, assessing 
the amount of signal from each fluorophore that might be bleeding through to a different 
image, correcting for photobleaching, ensuring there is proper alignment of images, 
deleting background signal and autofluorescence, and deciding through thresholding 
which image intensity values should not be considered for colocalization analysis.  
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Likewise, the signal to noise ratio must be reliable and there must not be too many 
artifacts in the image (Aaron & Chew, 2018). Image artifacts can result from poor sample 
prep, air bubbles between the sample and the cover glass, or not using an objective lens 
that can image multiple wavelengths (Jerome & Price, 2018). Objectives not corrected for 
chromatic aberration will result in the X-, Y-, and Z- directions looking out of sync from 
one another. Image artifacts can misrepresent colocalization results or analyses. 
Autofluorescence from background structures can additionally cause issues by creating 
obstructive signal in the image. Each of these components during the image collection 
process must be accounted for. 
Furthermore, the observer’s color perception can influence if there visually 
appears to be colocalization in a superimposed image (Aaron & Chew, 2018). 
Importantly, consideration must be given to the fact that multiple factors can influence 
how we, as humans, perceive colors in images. For instance, color of room lighting, 
brightness of light, and colors in the image themselves can all influence how we perceive 
colocalization in an image. Figure 3.3, reprinted with permission from Aaron & Chew 
(2018), depicts the same image captured with three different look-up-tables. Probes 
within the pictures are each pseudo-colored. Although in reality ther are each the same 
image, each of the three images might look entirely different although in reality they are 
each the same image due to color perception. Ultimately, these images demonstrate the 
core issue with visually determining colocalization – what appears colocalized in one 
image does not appear colocalized in another. Qualitatively examining image similarities 
and attempting to quantitate the amount of colocalization is extremely ineffective.  
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Although, I will discuss quantitative limitations of colocalization later in this 
review, it is worth briefly mentioning that choosing the correct statistical method to 
analyze colocalization is important (Aaron et al., 2018). If the wrong statistical test is 
chosen, this can misconstrue test results either overinflating the amount of colocalization 




Figure 3.3. Third-instar Drosophila melanogaster larvae optic lobes triple stained with 
demonstration of axon and glia spatial relationship. The three images (A-C) represent a 




Chapter 3.3 Qualitative Limitations of Colocalization with Conventional 
Fluorescence Microscopy 
 The qualitative assessment of colocalization is based on superimposition of 
images taken in two different channels and then examining the overlapping color results 
(Dunn et al., 2011). For instance, an image captured in a red channel and the same image 
captured in a green channel should result in a yellow color where structures overlap. 
Yellow would also represent colocalization. While evaluating colocalization in this way 
is frequently used, it becomes problematic and often very subjective when researchers 
 
48 
claim molecular interactions occur based only on the basis of the resultant yellow color. 
Qualitatively assessing colocalization offers ambiguous results at best.  
Chapter 3.3.1 Scatterplot Analysis 
 
 Scatterplot analyses represent a methodology to qualitatively examine 
colocalization (Dunn et al., 2011). The intensity of the two different colors are compared 
with one color -plotted on the x-axis and the other color-plotted on the y-axis (Figure 
3.1). The slope of the line reveals the relationship of the two intensities. A positive linear 
slope reveals that the two signal intensities are positively correlated. Scatterplot analyses 
can be conducted using image analysis software. There are a couple of uses for 
scatterplots in colocalization studies. Scatterplots have been used to identify specific 
compartments in a cell. Additionally, this type of analysis can serve as a tool to compare 
just how much colocalization exists between the two different labels based on color 
alone. There are limitations to using scatterplots as a tool to determine the amount of 
colocalization in an image. This tool should not be used to determine if the overlap in 
pixels is due to random coincidence or to directly quantitate the amount of colocalization 
in the image.  
Chapter 3.4 Quantitative Limitations of Colocalization with Conventional 
Fluorescence Microscopy 
Statistical techniques measuring the quantity of colocalization overrule qualitative 
analysis (Aaron & Chew, 2018; Aaron et al., 2018; Bolte & Cordelières, 2006; Dunn et 
al., 2011). The research question posed should guide whether the statistical test centers on 
evaluating co-occurrence or correlation (Aaron et al., 2018). As a refresher, co-
occurrence measurements largely focus on identifying the degree to which spatial overlap 
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between probes exists. Meanwhile, correlation evaluates the distribution and 
concentration of probes throughout the sample and how they relate. Statistical techniques 
highlighted in this review include PCC, SRCC, and MOC. Each of these techniques yield 
image similarity coefficients. However helpful image similarity coefficients might be, 
they often fall short of perfect.  
First, it is important to remember that quantitative colocalization analyses do not 
measure molecular interactions (Aaron & Chew, 2018). Attempting to validate molecular 
interactions will fall short using statistical methods because statistical methods do not 
accurately measure interactions. Not to mention there are various experimental issues that 
need to be accounted for which make these methods less than perfect. Quantitative 
methods do act as a ranking system that measure relationships between two or more 
molecules. Additionally, these methods can in some cases be reliable if results are 
consistent with experimental variables and controls. FRET is often the most reliable 
method and should be used to more confidently validate molecular interactions. 
Quantification of image similarity analysis has expanded to include specific statistical 
analyses that examine pixels in the image. Quantifying pixels in the image is more 
reliable statistically than simply visually assessing an image via an observer’s perception. 
While quantifying colocalization is more dependable, there are also limitations. 
Microscope software packages frequently contain image analysis software that will 
analyze colocalization with algorithms. There are still disadvantages with these 







Chapter 3.4.1 Pearson’s Correlation Coefficient (PCC) 
 
 A common and relatively popular quantitative statistical analysis technique is 
PCC (Dunn et al., 2011). PCC focuses on comparing and contrasting how pixel intensity 
varies from the mean pixel intensity to measure the correlation of intensities between two 
different channels (Aaron et al., 2018). The main assumption of PCC is that if two 
imaging targets are abundant and related, then there must be a functional implication as 
well. This assumption typically does well in correlative studies to investigate within the 
cell whether two molecules are bound or unbound. Statistically, PCC asks the question: If 
the intensity of a pixel in the first channel deviates from the mean intensity, is a pixel in 
channel two likely to similarly deviate? PCC is a correlation whose coefficients range 
from -1 to +1. Values of +1 demonstrate a positive correlation between pixels that 
intersect in channels one and two. A value of 0 represents no correlation between channel 
one and channel two. On the other hand, a value of -1 demonstrates a negative correlation 
between pixel intensities. So, while a pixel in channel one is very bright, a pixel in 
channel two would have the opposite intensity. This type of analysis only applies to areas 
where pixels from two different channels overlap.  
 Worth highlighting are some advantages and limitations to PCC as an analysis 
tool. PCC is advantageous in the fact that the technique is simple (Aaron & Chew, 2018; 
Aaron et al., 2018). This statistical tool is relatively free of user bias as the technique 
does not require preprocessing (Dunn et al., 2011). Another major advantage is that PCC 
can be measured using readily available image analysis software packages.  
The advantages make PCC appear tempting and easy; however, more limitations 
exist when utilizing PCC than one might anticipate (Aaron & Chew, 2018). First, image 
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analysis software packages typically analyze entire images. This is bad practice as 
usually regions of interest should be thresholded and then analyzed. Adding on to this, 
background signal that is included leads to inaccurate results that seem more correlated or 
colocalized than they are in reality. Additionally, a sparse signal complicates the analysis 
and will yield a result that does not make sense. Other problems with signal arise when 
the pixel intensities are saturated or are the same from channel to channel. When pixel 
intensities are the same, even if the sample is correlated, PCC cannot distribute a result. 
Variation in intensities is imperative to return results. Finally, the last drawback to PCC is 
that only the intersection of channel one and channel two can be examined. Coefficients 
cannot be drawn from one channel (Figure 3.1).  
Chapter 3.4.2 SRCC 
 
 SRCC addresses shortcomings that arise with PCC (Aaron & Chew, 2018; Aaron 
et al., 2018). Typically, SRCC is a correlative method used in cases where PCC 
miscalculates the degree of correlation between pixel intensities. PCC is based on a linear 
scale. Thus, the highest correlation values are assigned to pixel-intensity pairs that have a 
linear relationship. Pixels that might be correlated, but their intensities are not linear, 
receive underestimated correlation values. Therefore SRCC, a ranked correlation 
coefficient, assists in correcting this issue. Only the pixels that are above the threshold 
intensity value are ranked. This method breaks the necessity of a perfectly linear 
relationship and might be more reasonable to apply for biological samples. Linear 
relationships are not necessarily present in each and every highly variable biological 
sample. SRCC might be the true workhorse as far as image similarity analysis goes due to 





Figure 3.4. A comparison of PCC and SRCC. Both PCC and SRCC are plotted on and x-
y axis. Color 1 Pixel Intensity is plotted on the x-axis while Color 2 Pixel Intensity is 
plotted on the y-axis. Color values are also plotted on the righthand side of the graphs. 
The results across row A are comparable for both PCC and SRCC. In panel B, the green 
pixel intensities in both row A and B remain the same. However, additional pixel 
intensity variation has been added in row B which deviates from row A. While the PCC 
scores decrease, the SRCC adds an additional rank which contributes to a stronger linear 
correlation for SRCC in panel B (Aaron & Chew, 2018).  
 
Chapter 3.4.3 MOC 
 
MOC is an image similarity coefficient used to evaluate situations where pixels in 
one channel are more intense than pixels in the other channel (Manders et al., 1993; 
Aaron & Chew, 2018). This methodology primarily focuses on co-occurrence (Aaron et 
al., 2018). The pixels in the channel that are more intense contribute more to 
colocalization. Thus, the coefficient itself assesses which percentages of color one and 
color two pixels contribute to the overlap in addition to how much intensity collectively 
comes from color overlap. Unlike PCC, MOC can yield coefficients from each individual 
channel to further describe how they overlap. Also, MOC looks at the combination of the 
area of both channels and not the area where signal overlaps as with PCC. An 
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advantageous part of this technique is that background noise is intrinsically decreased. 
This also includes background noise like autofluorescence.  
Biologically, MOC can assess structural overlap and the extent to which those 
structures overlap (Figure 3.5). There are limitations to this technique (Manders et al., 
1993; Aaron & Chew, 2018; Aaron et al., 2018). Unsavory aspects that contribute to 
signal not needed in the image like artefacts, non-specific binding, out-of-focus light, 
background signal, and autofluorescence can negatively skew the resulting coefficient. 
Another limitation of MOC is that pixel pairs that are high intensity can detract from 
lower-intensity pairs even though those pairs might indicate colocalization. This 
technique is also not extremely sensitive to fluctuations in signal-to-noise ratio. While 
MOC can provide some advantages to PCC, there are still caveats to this technique. 
Additionally, one must ensure that co-occurrence is from random chance. True pixels 
from the MOC image must exceed 95% of randomized values.  
 
Figure 3.5. A diagram describing how MOC works solely on the union where red and 









INTRODUCTION OF SUPER-RESOLUTION MICROSCOPY 
TECHNIQUES 
The first super-resolution microscopy technique was founded in 1994 by Stefan 
Hell (Hell & Wichmann, 1994). Hell and colleagues later experimentally tested and 
proved the capabilities of STED (Klar, et al., 2000). Around the same time, other 
scientists worked to overcome the resolution limitation of conventional fluorescence 
microscopes. Techniques including SIM, STORM, PALM, and, later, PAINT came to 
fruition. These methodologies are typically distinguished into two different, broad 
categories based off the optics of the microscope or the properties of the probe used to aid 
scientists in visualizing individual molecules.  
One category is super-resolution by spatially patterned excitation which generally 
includes STED, RESOLFT, and SIM (Huang et al., 2009; Huang et al. 2010). The second 
prominent category in super-resolution microscopy is single molecule localization 
microscopy which includes STORM, dSTROM, PALM, fPALM, MINFLUX, and 
PAINT. This chapter will remain in the scope of this literature review to focus on brief 
descriptions of super-resolution techniques including STED, SIM, STORM, PALM, and 
PAINT. Super-resolution microscopy has maintained the advantages seen with optical 
microscopy (Schermelleh et al., 2019). While each individual methodology listed above 
does have its respective limitations, sample preservation, imaging flexibility, and 
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targeting specificity all remain exemplary advantages in cutting edge microscopy 
techniques.  
Recent literature reviews have noted expanded capabilities of the techniques that 
were not included in reviews released in the early 2000s (Schermelleh et al., 2019; Sigal 
et al., 2019). Super-resolution microscopy generally has the capability to quantitate a 
wide variety of information. This includes determining spatial distribution of molecules 
or determining the number of subcellular molecules of interest. Additionally, super-
resolution microscopy has some capabilities to examine live cells, provide 3D details, and 
provide feedback on experimental details to yield information regarding biological 
interactions. Deconvolution can additionally be applied to many microscopy techniques, 
including super-resolution microscopy techniques, to improve resolution (Jacquemet et 
al., 2020).  
Chapter 4.1 Super-Resolution by Spatially Patterned Excitation 
 
 Spatially patterned excitation super-resolution microscopy employs the use of 
patterned illumination to overcome the diffraction limit (Huang et al., 2009; Huang et al., 
2010). Sub-diffraction limit details are input in the excitation patterns. The incorporation 
of sub-diffraction limit details in turn yields information that is smaller than the 
diffraction pattern itself. Again, super-resolution techniques by spatially patterned 
excitation included in this review are STED and SIM. In reality, RESOLFT is also 
considered part of this category and is comparable to STED.  
Chapter 4.1.1 STED 
 
 STED is one of the first super-resolution microscopy techniques to come to 
fruition just over 25 years ago (Hell & Wichman, 1994; Klar et al., 2000). This technique 
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falls under the super-resolution by spatially patterned excitation due to the donut-shaped 
depletion beam used to sharpen the point spread function (Figure 1.10) (Huang et al., 
2010). This is a negative patterning method because the pattern itself serves to depress 
the emission from fluorescent molecules surrounding the area of interest. STED is also 
diffraction unlimited (Sigal et al., 2019).  
The STED laser has zero intensity at the middle of the beam (Huang et al., 2009). 
On the periphery of the beam the intensity must be non-zero. Increasing the laser power 
associated with the STED laser beam will suppress fluorescence emission from the 
periphery of the emitted photon pattern. Fluorescent signal is then visible in regions just 
outside the region surrounding the focal point. To further clarify the regions where there 
is zero intensity, fluorophores are able to fluoresce as they are in turn not switched off per 
say (Figure 1.10) (Sahl et al., 2017). The center of the donut-shaped light is considered 
the minima. This technique has reached resolutions between 50 – 70 nm in biological 
samples while using fluorescent dyes (Huang et al., 2010). Organic dyes can also be used 
and have achieved a resolution of approximately 20 nm. Two-color STED imaging 
utilizing a decent amount of dyes has been performed as well (Schermelleh et al., 2019). 
Factors that typically limit STED are also important to note. These factors include optical 
aberrations, light from the sample that scatters, and general photostability of 
fluorophores. Dye considerations are also important when performing STED as the 
depletion laser wavelength and the excitation range of fluorophores cannot overlap 
(Schermelleh et al., 2010).  Both live cell and 3D imaging have been performed with this 
super-resolution microscopy method on a variety of biological samples (Schermelleh et 
al., 2010; Sigal et al., 2019).  
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STED set-ups are now currently being offered as extensions to some confocal 
systems (Schermelleh et al., 2019). The laser power on STED microscopes can be 
adjusted. Therefore, the pros and cons of optimizing the laser setting can be considered as 
one would sacrifice photodamage or phototoxicity when using a stronger laser setting. 
Computational image post-processing is not a requirement for STED which offers huge 
advantages in terms of analyzing samples. 
Chapter 4.1.2 SIM 
 
 SIM employs a widefield microscope configuration capitalizing on sinusoidal 
moiré fringes to increase resolution past that attainable with conventional fluorescence 
microscopy (Yamanaka et al., 2014; Heintzmann & Gustafsson, 2009; Huang et al., 
2010; Schermelleh et al., 2010; Schermelleh et al., 2019; Sahl et al., 2017; Jacquemet et 
al., 2020). This is a positive patterning methodology because the sigmoidal patterned 
light source directly assists in the excitation of fluorophores and achieving fluorescence 
(Figure 1. 9). Laser light passes through a moving grate to generate the sigmoidal pattern. 
The pattern is then illuminated onto the sample to generate fluorescence. SIM generates 
moiré fringes. The moiré fringes retain information on small molecules within the sample 
even after the blurring effects from optics take place (Yamanaka et al., 2014). Images are 
subject to computational post-processing and algorithms to retrieve positional 
information from moiré fringes. Because the pattern itself is subject to the diffraction of 
light, there are certain literature reviews that cite this methodology as being diffraction 
limited (Schermelleh et al., 2010; Schermelleh et al., 2019; Yamanaka et al., 2014). 
Special probes are not required for this method because the optics of the scope are what 
overcome the diffraction limit. Overall, this technique is capable of improving the 
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capable resolution by a factor of two in both the lateral and axial dimensions. Thus, 
classic SIM can achieve resolution of 100 nm in the lateral dimension and 300 nm in the 
axial dimension. 
 This technique does have its particular advantages. SIM can be used for live-cell 
imaging and high throughput applications (Schermelleh et al., 2019). Utilization of 
sensitive cameras for detection additionally allows for photon-efficient approaches. 
Moreover, multicolor analyses can be conducted with SIM considering conventional 
fluorophores can be used as this is an optical technique. SIM can also be conducted in 
3D. Specific limitations do govern the abilities of SIM. A major limitation is that 
mathematical post-processing is required to recover detailed information that breaks the 
diffraction limit (Schermelleh et al., 2019). Mathematical post-processing increases the 
risk of generating image artefacts. Identifying artefacts would require a knowledgeable 
microscopist who is experienced in SIM. Correcting for artefacts also takes experience 
and would likely be missed by a new user.  
Chapter 4.2 Single Molecule Localization Techniques 
 
 SMLM includes techniques like STORM, PALM, and PAINT (Figures 1.12 and 
1.13). SMLM techniques are based on the hypothesis that specific coordinates of 
molecules form molecular assemblies (Huang et al., 2009; Huang et al., 2010). If each of 
these molecules could be localized, then a high-resolution image of a molecular assembly 
could be formed that ultimately beats the diffraction limit of light. Pinpointing the 
location of single molecules, however, is not enough to overcome the diffraction limit. If 
every single molecule in a sample were imaged, then the image would still appear blurred 
due to fluorescence emission from every single molecule. Single molecule localization 
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techniques control the emission of fluorophores in a way that specific, individual 
molecules can be localized and imaged. These methods are often based on widefield 
techniques. However, they differ from conventional microscopy methods in that single 
molecules are randomly excited, more commonly known as stochastically excited, which 
enables a single point larger than the diffraction limit to emit light (Sahl et al., 2017; 
Schermelleh et al., 2019). Microscopes then detect these single molecule emitters that are 
unlimited by diffraction and reconstruct the image using computer software. Throughout 
the literature, single molecule localization techniques like STORM and PALM are often 
classified together. The methodology PAINT is also discussed in this chapter as it is 
commonly found throughout more recent literature reviews on super-resolution 
microscopy and lumped into the single molecule localization category (Jacquemet et al., 
2020; Sahl et al., 2017; Schermelleh et al., 2019; Sigal, et al., 2019). Together, these 
super-resolution microscopy techniques can also be identified as coordinate-stochastic 
nanoscopy due to the fact individual molecules can be localized (Sahl et al., 2017).  
Chapter 4.2.1 PALM/STORM 
 
 Three different methodologies, PALM, STORM, and fPALM were founded in 
2006 (Betzig et al., 2006; Hess et al., 2006; Rust et al., 2006). PALM and fPALM 
differed slightly from STORM due to use of dyes used for stochasticity (Yamanaka et al., 
2014). For instance, PALM and fPALM utilized photoactivatable fluorescent proteins to 
demonstrate the capabilities of the microscopy technique. Meanwhile, STORM’s 
switching properties were confirmed using Cy3 – Cy5 synthetic pairs. The methodology 
behind PALM and STORM focuses on stochastically switching molecules ‘on’ and ‘off’ 
(Haung et al., 2009). The ‘off’ state is classified as the molecule not emitting 
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fluorescence while the ‘on’ state is classified as the molecule emitting fluorescence. 
Information is collected about particular point emitters throughout the samples 
(Schermelleh et al., 2010; Schermelleh et al., 2019). Images are then reconstructed based 
off determining the center of the spot of the point emitter based on 2D Gaussian profiles 
or calculating centroid position (Yamanka et al, 2014). The photon count ultimately 
determines the precision with which the centroid position can be measured (Schermelleh 
et al., 2019). The typical resolution achievable with PALM/STORM is between 20 nm in 
the lateral dimension and 50 nm in the axial dimension. To resolve structures like 
filaments, the labeling density and switching properties must be optimal and meet 
requirements set by the Nyquist sampling criterion. The Nyquist sample criterion is a 
fundamental sampling criterion. This theory explains when analog to digital conversion 
takes place at image capture with the camera how the analog signal can be reliably 
reproduced when sampled twice (Jerome, 2018, Chapter 2). PALM and STORM can be 
conducted in 3D and is one of the best techniques when examining 3D context. However, 
there are challenges to utilizing this technique when it comes to live-cell imaging. There 
are only a few examples of successful live cell imaging. Another limitation includes the 
fact that thousands of images must be acquired to piece together a final reconstructed 
image. On top of the necessity of handling large data sets, there are also lengthy 
acquisition times. Thus, the lengthy acquisition time component has a hand in limiting 
PALM/STORM’s ability to conduct live-cell image analysis.  
Chapter 4.2.2 PAINT 
 
 PAINT is a variant of stochastic switching concepts and is classified as a single 
molecule localization microscopy technique (Sharonov & Hochstrasser; 2006). Although 
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this technique was left out of early studies, it began making a prominent debut later (Sahl 
et al., 2017; Schermelleh et al., 2019; Sigal et al., 2019). This methodology is largely 
based in kinetics and fluorophores have the ability to reversibly bind to structures. Upon 
transiently binding to a structure, the fluorophore is turned on and can be detected. Once 
that fluorophore detaches, it is again turned off and cannot be detected. PAINT finds 
advantages in the fact that energy load is reduced, and multiplexing can be performed 
using this technique (Schermelleh et al., 2019).  
Chapter 4.3.1 Summary 
 Comparing and contrasting super-resolution imaging techniques like SIM, STED, 
and SMLM to confocal microscopy uncover important differences between the 
techniques. Jacquemet (2020) discussed the strengths and weaknesses of various 
microscopy techniques including confocal, SIM, STED, and SMLM to help researchers 
identify which technique would be best for their research modality. Figure 4.1 depicts 
images captured with confocal, SIM, STED, and SMLM. A change in resolution is 
notable when comparing the confocal images to the super-resolution images. 
Additionally, a heat map defines characteristics for each imaging modality. The different 
characteristics include XY resolution, Z resolution, sample thickness, live-cell friendly, 
image fidelity, ability to conduct multicolor imaging, temporal resolution, and versatility. 
SMLM achieves the greatest XY resolution and the greatest Z resolution. The best 
technique to image thick samples is confocal. Both confocal and SIM do well for live-cell 
imaging, multicolor imaging, and versatility of technique. These imaging modalities 
receive equal scores in this category. STED receives the most robust score for image 
fidelity. Finally, SIM receives the highest score for temporal resolution. Overall, SIM 
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achieves several high scores in various categories making this technique advantageous. 
However, if resolving fine structural details is of prime concern to the research 




Figure 4.1.  Comparison of confocal and super-resolution images and visual heat maps of 
each technique. Confocal, SIM, STED, and SMLM micrographs of U20S and CO27 cell 
microtubules stained with Alexa fluor 488 or 647. Corresponding graphical visual 
representations depict an overview of how confocal, SIM, STED, and SMLM compare to 
one another. Each technique is compared in XY resolution, Z resolution, sample 
thickness able to be imaged, live cell friendly, image fidelity, multicolor, temporal 









COLOCALIZATION AND SUPER-RESOLUTION MICROSCOPY 
METHODS
Important to remember throughout this chapter is that the resolution of super-
resolution microscopy methods overcome that of previous conventional fluorescence 
microscopy techniques. Connecting back to Chapter 2, the resolution of the microscope 
largely impacts the accuracy and precision to which colocalization analysis can be 
conducted (Aaron & Chew, 2018; Aaron et al., 2018; Dunn et al., 2011). When analyzing 
colocalization, super-resolution microscopy has allowed scientists to peer down to mere 
nanometers in resolution (Sahl et al., 2017). Systems including STED, RESOLFT, SIM, 
PALM, STORM, and PAINT all provide much higher resolution detail when compared 
to previously mentioned diffraction limited systems. Conventional fluorescence 
microscopy reveals less detail than super-resolution microscopy. Thus, resolving fine 
structural details, counting molecules, and interpreting colocalization based on spatial 
distribution of particles is not as accurate when measured with conventional systems, but 
is advantageous in super-resolution microscopy systems. Meanwhile, spatially patterned 
excitation super-resolution microscopy methods like STED, RESOLFT, and SIM and 
single molecule localization techniques like PALM, STORM, and PAINT, increase the 
resolution capabilities. Colocalization utilizing these systems still embraces the 
quantitative analysis methods including PCC, MOC and SRCC previously discussed. 
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Throughout this chapter, I will discuss these methodologies and potential limiting factors 
to super-resolution microscopy and colocalization analysis.  
Chapter 5.1 What affects colocalization outcomes in super-resolution microscopy?  
 
 There are various aspects that might impact how colocalization is visualized in 
super-resolution microscopy. More than likely, when super-resolution microscopy 
systems are used to evaluate colocalization, true molecular interactions are likely to be 
detected (Bermudez-Hernandez et al., 2017). Colocalization can take place randomly and 
might be dependent on the concentration of molecules present. For the same reasons 
discussed in Chapter 2, colocalization should not be qualitatively assessed. Especially 
because molecules that might appear colocalized in diffraction-limited, conventional 
fluorescence microscopy may not actually be colocalized using super-resolution 
microscopy techniques. Two important factors to critically evaluate are the fact that there 
are specific challenges presented by labelling the sample and that complex computer 
algorithms are used for image post-processing in single molecule localization techniques.  
 Specifically, labelling might present a challenge in super-resolution microscopy 
(Huang et al., 2010; Sahl et al., 2017). Fluorescently labeled molecules serve as a 
representation of where a particular molecule is located within a sample. Due to the 
resolution attainable with some super-resolution microscopy systems, particularly PALM 
and STORM, the combined distance of a fluorescent label and a protein might be larger 
than the resolution capable by the instrumentation. Several unappealing, intricate 
characteristics arise in respect to labelling with super-resolution systems due to the 
improved resolution of those systems. Specifically, binding sites could remain available 
on epitopes, or labelling might alter host protein function or location. Another 
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consideration to make is that the size of primary and secondary antibodies can account 
for some amount of size. IgG primary and secondary antibodies can measure up to 15 
nm. A pair of this size could technically be resolved with super-resolution microscopy 
methods. This is a problem that can be overcome though by using different labels. Sahl et 
al. (2017) recommend using antigen-binding fragments, small affinity probes, 
nanobodies, or small recombinant binders. Live-cell imaging for super-resolution 
microscopy utilizes Snap-tag or Halo-tag labels for bio-orthogonal labelling which range 
in size from approximately 15 nm to 20 nm. The fusion between the target protein and 
the labelling proteins that will fuse add another protein domain onto the original target 
location. Thus, this still prevents the actual protein of interest from being studied. 
Labelling considerations like these are important to take into account not only because 
they prevent the observation of innate proteins or molecules of interest, but also because 
quantitative analysis is a large aim in super-resolution microscopy.  
Chapter 5.2 Spatially Patterned Excitation Super-Resolution Microscopy Methods 
and Colocalization 
 Quantitative analyses such as SRCC and MOC are improved when SIM or other 
imaging techniques that improve resolution close to 1.5-fold or 2-fold are utilized to 
capture microscopic images (Aaron & Chew, 2018; Sheppard et al., 2013; York et al., 
2013).  
Chapter 5.3 Single Molecule Localization Microscopy and Colocalization 
  
 Single Molecule Localization Microscopy methods like STORM, PALM, and 
PAINT are close to accomplishing image resolution down to the molecular scale 
(Baddely & Bewersdorf, 2018; Sahl et al., 2017; Sigal et al., 2018). In general, these 
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methodologies have the capability to resolve structures down to approximately 20 nm 
allowing scientists to view structures that are close to molecular size in comparison 
(Aaron & Chew, 2018; Schermelleh et al., 2010). Upon magnifying structures of this 
size, differences have been determined due to the size of the molecules. Cellular 
structures that typically appear to overlap using conventional or widefield microscopy 
can clearly be resolved due to the resolving power of the microscope. So, when two 
subcellular structures might have appeared as one, they now appear as two. Molecules 
such as proteins also appear to not overlap and appear as two different resolved spots 
using super-resolution microscopy systems (Aaron & Chew, 2018). When qualitatively 
analyzing two images in a red and green channel and then superimposing those images to 
identify a resulting yellow color in overlapping areas some studies have made 
conclusions based on the weaker resolution capabilities of conventional fluorescence 
microscopy. However, super-resolution microscopy methods, particularly in the single 
molecule localization category, have been able to assist scientists in identifying single 
molecules. The yellow color which scientists previously identified qualitatively with 
conventional systems can now be identified as non-overlapping molecules with super-
resolution microscopy methods to yield both red and green channels. Exploiting the 
qualitative limitations discussed previously as well as building on the pre-existing 
limitations of quantitative colocalization image analysis, it is questionable just how 
reliable conclusions based on previous imaging methods have been. There are also 
limitations for single molecule localization methods that could impact colocalization 
conclusions for even super-resolution microscopy methods.  
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 Hypothetically the same statistical image analysis techniques used for 
conventional fluorescence microscopy can be applied when quantifying colocalization 
with super-resolution single molecule localization techniques (Aaron et al., 2018; 
Baddeley & Bewersdorf, 2018). However, there are two major limitations when utilizing 
these same techniques with PALM, STORM, and PAINT. First, two targets cannot 
physically exist in the same space. In turn, this means there will be lower colocalization 
coefficients when nearing the 20 nm resolution capable with these systems. Additionally, 
PALM and STORM exploit stochasticity. The random blinking of molecules makes it 
difficult to characterize colocalization, especially when images are reconstructed based 
on the location of single molecules. An initial step in applying colocalization to single 
molecule localization techniques could be to determine the distance between molecules 
that one wants to examine. A couple of statistical methodologies exist that account for 
quantifying the distance between molecules or structures. A derivative of Ripley’s K-
based Cluster Analysis specifically works with positions of pixels to examine the 
differences between pairwise distances in two different channels (Aaron et al., 2018; 
Baddeley & Bewersdorf, 2018). The next analysis method builds a Euclidian distance 
map through a calculated mask feature in one channel. The second channel is plotted with 
respect to bordering segmented objects found within the first channel initially analyzed.  
Moving forward, single molecule localization techniques are not best at imaging 
dynamic samples (Aaron et al., 2018). When trying to examine interactions in samples, it 
can be difficult to do so with these methods. Furthermore, the labels must be chosen very 
carefully, especially in multi-labeled samples (Schermelleh et al., 2019). This type of 
super-resolution microscopy also requires the use of advanced computational methods 
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and algorithms. When analyzing images or colocalization with single molecule 
localization techniques, one must consider the way biological molecules typically behave 










The definition of colocalization is rather broad, and all encompassing. What 
qualifies and what does not qualify as colocalization is therefore ambiguous. When the 
definition and criteria for colocalization are vast this gives more room for flexibility for 
broader conclusions to be made using this terminology. Aaron & Chew (2018) call for 
the discouragement of the term colocalization because the name itself is not an accurate 
depiction of what colocalization techniques conclude. Throughout the 1990s, 
superimposing images taken in a red and green channel and then identifying areas where 
yellow resulted was interpreted as though some molecular interaction existed in those 
locations; thus, the two labeled molecules were colocalized. Often, these studies were not 
supplemented with any quantification. With the simplicity of this technique came 
skepticism that resulted in the identification of quantitative statistical analyses. During 
the 2000s and early 2010s, researchers sought to identify which statistical methodology 
would work best to identify spatial relationships of molecules (Bolte & Cordelières, 
2006; Comeau et al., 2006; Dunn et al., 2011; Zinchuk et al., 2007). Even reviews 
discussing statistical quantitative colocalization analyses frame the assumptions of the 
statistics to infer molecular interaction. This could leave those who do not have a strong 
understanding of colocalization statistics to infer that these methods are reliable sources 
to infer molecular interaction. That is far from the truth. To reiterate again, methods like 
PCC, SRCC, and MOC seek to identify correlation and co-occurrence of subcellular 
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molecules. Respectively, correlation and co-occurrence seek to identify proportions of 
specific subcellular molecules within samples and seek to determine if there is a 
relationship between spatial distribution and to what physical degree these molecules are 
related. PCC, SRCC, and MOC cannot determine functional interaction. It should not 
come as a surprise that there is confusion about this methodology when both the 
terminology for colocalization itself, in addition to the quantitative statistical techniques, 
imply there might be molecular interaction.  
Additionally, differing viewpoints might exist about the distance required for 
molecular interactions. Aaron & Chew (2018) cite that biomolecular interactions are 
typically separated by approximately 10 nm. However, Baddeley and Bewersdorf (2018) 
explain that two proteins involved in the same pathway are likely to be concentrated 
together within the same vicinity. Thus, diffraction-limited conventional fluorescence 
microscopy is able to sufficiently substantiate a functional relationship of biomolecules. 
Ambiguity is further perpetuated as the distance required to define colocalization is 
questioned. How close are molecules that are colocalized? Does 250 nm – 300 nm 
substantiate claims regarding function and interaction? Future studies could attempt to 
pin down this difference and if 250 nm is enough to claim colocalization.  
Some articles pinpointing the efficiency of both qualitative and quantitative 
colocalization should be critically reviewed. Now that super-resolution is established in 
the microscopy field, review articles on quantitative colocalization citing that confocal 
microscopy can accurately observe colocalization should be critically reviewed and 
regarded. With the use of a pinhole, confocal microscopy can eliminate out-of-focus light 
that increases the resolution in comparison to widefield microscopy, which makes 
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analyzing colocalization tempting with these methods. However, articles from the late 
2000s and up to the early 2010s indicating that confocal microscopes or conventional 
microscopes can observe colocalization accurately should be revalidated with additional 
super resolution studies (Jensen, 2013; Zinchuk & Zinchuk, 2008; Zinchuk et al, 2007). 
These studies should be phased out from serving as sufficient evidence that supports 
qualitative colocalization conclusions. These studies muddy the waters by indicating that 
confocal microscopy is a suitable method to support colocalization conclusions.  
Combining super-resolution techniques with electron microscopy might provide 
new information that originally could not be obtained with conventional fluorescence 
microscopy. Uniting the two microscopy methods provides new insight and context into 
cellular structure and potential biological function. Methods have been brought to fruition 
to produce images of correlative 3D super-resolution imaging and 3D ablation scanning 
electron microscopy (Kopek et al., 2012).  
What to watch for next in the super-resolution microscopy field? The impact of 
deep learning and artificial intelligence on improvements to super-resolution. These 
incredible advancements have enabled researchers to overcome limitations associated 
with super-resolution microscopy set-ups (Wang et al., 2018). For example, super-
resolution systems are typically limited in the aspect that optical setups are complex and 
acquired images often require lengthy computational post-processing protocols. 
Furthermore, advanced knowledge might be required to understand the specific usage of 
fluorophores and mounting media to optimize the sample. And, physical models are often 
needed to form images. Reading about super-resolution might make the technique appear 
seemingly simple, but alas, there are always improvements to make with new nanoscopy 
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methods. Wang et al. (2019), compared deep learning results with widefield 
deconvolution, confocal, STED, TIRF, and SIM. Deep learning provided resolution 
improvement to diffraction limited systems through pixel-to-pixel transformation. The 
network learned how to improve upon the resolution of diffraction-limited systems by 
comparing those to images captured by super-resolution systems. Furthermore, their deep 
learning system learned how to improve upon the signal-to-noise ratio in addition to 
reducing photobleaching and phototoxicity. Deep learning systems could pave the way 
forward for future colocalization studies especially when considering the accessibility of 
systems. If deep learning could enable super-resolution like imaging on samples taken 
with diffraction limited systems, then perhaps this could provide a new and more 
convenient way forward to reassess past studies and make new observations. Caution 
should still be used with these methodologies when inferring details that have yet to be 
validated in the literature (Belthangady & Royer, 2019). Like deep learning, artificial 
intelligence can also improve the quality of the final image (Jacquemet et al., 2020). 
Also, artificial intelligence can sort through incredibly large image data sets to train 
networks. This type of methodology has also worked to improve image resolution. Super-
resolution microscopy is still advancing in combination with other techniques. These 
advances are sure to move the research forward more and offer many more discoveries 
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